Genes and personalized training
INTRODUCTION
creases in absolute strength [3] and the hypertrophy of all types of muscle fibres [10, 11] .
There is a large variability in both muscle size and strength gains in response to resistance training between individuals [4] . In a large study of 585 subjects, Hubal et al. [12] have shown that men and women exhibited wide ranges of strength gain (1 RM: 0 to +250%) and skeletal muscle hypertrophy (cross-sectional area: -2 to +59%) in response to 12 weeks of resistance training, indicating individual training responses may vary widely dependent on factors such as genetic heritage. Accordingly, the level of adaptation experienced by each individual will be dependent on the interaction between specific training performed and genotype. Indeed, there is a general consensus that resistance training programs should be individualized, but little information exists to accurately discern how best to personalize training program design to maximize outcomes [3, 4, 12, 13] .
Muscle fiber composition is a heritable (~45%) trait [14] , with large variability between individuals. For example, slow-twitch (Type I) content of vastus lateralis ranges from 5-90%. This variability, in turn, may determine individual's potential to perform different types of resistance training. Accordingly, data show that Type I muscle ACTN3 α-actinin-3 Stabilizes the muscle contractile apparatus in fast-twitch muscle fibres. Arg577Ter (rs1815739 C/T) Endurance: 577Ter (T) Power: Arg577 (C) [20, 22] ADRB2 β-2 adrenoreceptor Plays a pivotal role in the regulation of the cardiac, pulmonary, vascular, endocrine and central nervous system.
Gly16Arg
(rs1042713 G/A) Endurance: 16Arg (A) [23, 24] Gln27Glu (rs1042714 C/G) Endurance: Gln27 (C) [25] AGT Angiotensinogen Angiotensinogen is an essential component of the renin-angiotensin system that regulates vascular resistance and sodium homeostasis, and thus determining blood pressure.
Met235Thr (rs699 T/C)
Power: 235Thr (C) [26, 27] 
BDKRB2
Bradykinin receptor B2 Involved in the endothelium-dependent vasodilation. rs1799722 C/T Endurance: T [24] COL5A1 Collagen, type V, α1 Encodes the pro-α1 chain of type V collagen, the rate-limiting component of the of type V collagen trimer assembly. Sports (BUCS) leagues. The athletes competed in squash (n = 1), swimming (n = 7), running (n = 1), ski/snowboard (n = 4), soccer (n = 1), lacrosse (n = 2), badminton (n = 1), motorsport (n = 1), cycling (n = 4), cricket (n = 2), volleyball (n = 1), fencing (n = 1) and rugby union (n = 2).
In study 2, 68 male soccer players, all aged 16-19 years, volunteered to participate in the study, and 39 of them (height 176.1 ± 1.0 cm, weight 68.9 ± 1.5 kg) successfully completed it (29 participants were withdrawn from the study due to non-adherence of set training volumes over the 8 weeks, or injury). Each subject was a member of college soccer academy who actively competed in BUCS leagues.
Ethical approval
The two-stage study was approved by the University of Central Lancashire Ethics Committee according to the Declaration of Helsinki.
Each participant gave written informed consent after procedures were fully explained. Each participant was free to withdraw from the studies at anytime.
Study design
Study design utilised a time series trial as explained by Batterham and Hopkins [45] . Participants of both studies were randomly allo- Each group self-selected training loads for each session, were monitored for progressive increases in perceived exertion, using a modified Borg scale, and loads were recorded to ensure progression.
The only differences between the training programs were volume modifications. The high-intensity resistance training program consisted of ten sets of two reps over the eight-week study. This gave a total volume of one hundred and twenty reps per session. The lowintensity resistance training program consisted of three sets of ten reps for first two weeks, three sets of fifteens reps for the next three weeks and three sets of twenty for the last three weeks. This gave a total volume of one hundred and eighty reps in the first two weeks, two hundred and seventy in the next three weeks and three hundred and sixty reps in the last three weeks.
Physiological measurements
All participants undertook a pre-and post-test measure of explosive 
Genotyping
Upon enrollment into study each participant volunteered a saliva sample, which was collected through sterile and self-administered buccal swabs. Samples were sent to IDna Genetics laboratory (Norwich, UK) within thirty-six hours, where analysis of the genes detailed in Table 1 was undertaken. DNA was extracted and purified using the Isohelix Buccalyse DNA extraction kit BEK-50 (Kent, UK). DNA samples were amplified by real-time PCR on an ABI7900 real-time thermocycler (Applied Biosystem, Waltham, USA).
Calculation of power/endurance ratio
Following the analysis, the DNAFit Peak Performance Algorithm™ was used to determine percentage power/endurance score (P/E) ratio, similar to the research conducted by Egorova et al. [46] . Initially, each allele was given a point (0, 1, 2, 3 or 4) depending on the effect of the polymorphism on performance (power/muscle hypertrophy or endurance with respect to response to training). The strength of the rating was based on the evidence from cumulative literature results averaged over time. The total points for the P/E were expressed as a percentage of P/E and then combined to give the balance percentage. A percentage-ranking list was then complied using this score. Every other participant on the list then undertook high-or low-intensity resistance training. To clarify, someone who is 75% power but does low-intensity resistance training would be doing mismatched genotype training, while a participant rated as 75% endurance that completed low-intensity resistance training would be doing matched genotype training. A threshold for 50% was used as the splitting value in this process.
Statistical analysis
Statistical analysis was conducted in SPSS, Version 20 (Chicago, IL).
The required sample size for this study was validated using the MannWhitney test. The chi-square test was used to test genotype distributions for deviation from Hardy-Weinberg equilibrium. The non-parametric 2-sample paired test was performed matching "before" and "after" measurements from each individual tested. A 2-sided MannWhitney test for 2 independent samples was used to compare gains in CMJ and Aero3 between groups. Differences in phenotypes between different genotype groups were analysed using ANOVA or unpaired t test. Spearman's (non-parametric) correlations were used to assess the relationships between the genotype score and performance tests.
The squared correlation coefficient R 2 was used as a measure of explained variance. Bonferroni's correction for multiple testing was performed by multiplying the P value with the number of tests where appropriate. All data are presented as mean (standard deviation; SD).
Statistical significance was set at a P value < 0.05. 
RESULTS

Efficiency of different training modalities.
Association analysis between genotypes and phenotypes
With some exceptions for the GABPB1 and VDR gene polymorphisms in Study 2 (due to the low sample sizes in terms of population genetics), genotype distributions of 15 gene polymorphisms amongst all athletes of both studies were in Hardy-Weinberg equilibrium (Table 2) .
To assess the association between each polymorphism and performance parameters we used the combined data of two studies. 
Effect of different training modalities and genetic profiles on performance parameters
Based on power/endurance genotype score (see Methods), in two studies we identified 39 athletes (58.2%) with endurance genotype and 28 athletes (41.8%) with power genotype profiles. Changes in CMJ and Aero3 tests of athletes with predominantly endurance or power genotype profiles from both studies after 8 weeks of low-and high-resistance training are presented in Tables 3 and 4 . In both studies it was shown that athletes with endurance genotype profile had greater benefits from the low-intensity resistance training, while athletes with power genotype profile better responded to the highintensity resistance training. As expected, the outcomes were more prominent in the Study 2 with homogeneous cohort (i.e. soccer players). Furthermore, we found that power genotype score (%) of athletes from both studies was positively correlated with CMJ (r = 0.56; P = 0.0005) and Aero3 (r = 0.39; P = 0.0199) increases (%) in response to high-intensity training, while endurance genotype score (%) was positively correlated with CMJ (r = 0.37; P = 0.0399) and Aero3 (r = 0.51; P = 0.0032) increases (%) in response to low-intensity training, indicating that power genotype score explained 14-32% of the variation in physiological parameters of athletes.
In accordance with power/endurance genotype score and training modality, 34 athletes performed matched training (high-intensity training with power genotype (n=15) or low-intensity training with endurance genotype (n=19)), while other 33 athletes completed mismatched training (high-intensity training with endurance genotype (n=20) or low-intensity training with power genotype (n=13)). In study 1, the athletes from the matched group have significantly increased their results in CMJ (P=0.0005) and Aero3 (P=0.0004).
On the other hand, athletes from the mismatched group have shown non-significant improvements in CMJ (P=0.175) and less prominent results in Aero3 (P=0.0134) ( Table 5 ). In study 2, soccer players from the matched group have also demonstrated significantly greater (P<0.0001) performance changes in both tests compared to mismatched group (Table 5) .
Determinants of variability in response to resistance training
With respect to the changes in CMJ gains (%), the athletes from both studies (n = 67) were divided into tertiles: high responders (increase in CMJ from 7.4 to 19.4%; n = 23), moderate responders (increase training, 82% of athletes (both for CMJ and Aero3) were from the mismatched group, while high responders were predominantly matched athletes (83% and 86% for CMJ and Aero3, respectively; P < 0.0001 for the comparison between non-or low responders and high responders). Accordingly, after 8 weeks of resistance training the odds of achieving more favorable outcomes in CMJ and Aero3 were 21 and 28.5 times, respectively, greater (P < 0.0001) for matched than mismatched genotype training (when first and third tertiles were compared).
DISCUSSION
To the best of our knowledge, this is the first study to examine the efficacy of using genetic profiling methods to target training of both power and endurance qualities of athletes. The results of our study demonstrated that all performance parameters increased significantly in response to 8-weeks of either low-or high-intensity resistance training without differences between the two training modalities, however, the magnitude of training effects was strongly related to the association between genetic profile and training modality. Our main finding is that matching individual genotype with the appropriate mode of training led to more substantial resistance training benefits, ported to be associated with muscle fibre type [18] . It is well known that slow-twitch muscle fibres better respond to low-intensity resis- Our study has some limitations, which have to be pointed out.
Firstly, this was a relatively small study: only 28 athletes from Study 1 and 39 athletes from Study 2 completed the resistance training programs. However, the power calculation suggested that the sample size was sufficient to adequately fulfill the study's main objective.
Secondly, the sample was taken from a wide range of sporting disciplines, all of which were commonly exposed to different forms and levels of training and competition stresses: a factor which could conceivably influence training responses. Furthermore, the low number of weekly training sessions, which were by necessity completed in tandem with sport-specific training, may well have confounded the experimental manipulation. However, athletes from Study 2 were all soccer players and thus represented the homogeneous group with more significant results. Further studies involving untrained (unfit) subjects and strength athletes with more carefully controlled total training loads are warranted. Third, the subjects of our studies performed a short-term, nonperiodized resistance training. It has been shown that systematically varying volume and intensity (i.e. periodized training) is most effective for long-term progression compared with programs with the stable training variables [3] . Therefore, although
we have shown that genetically matched nonperiodized training was effective during resistance training program, one might speculate that even in this case the manipulation of training variables is necessary for long-term resistance training progression. Fourth, the results of our study may be applicable only for specific training goals, such as improvement of explosive power and aerobic performance with one of two different modalities. Although loads of < 45% of 1 RM (i.e., performed with very high repetitions) may increase strength in untrained individuals [54] , whereas trained weightlifters appear responsive only to heavier loading [55] . Further research analyzing genetic determinants of improvement of absolute strength and skeletal muscle hypertrophy is needed. Finally, in our study we have used a validated panel of a limited number (n=15) of gene polymorphisms associated with power/strength, endurance and other muscle-specific traits, which could explain only 14-32% of the variation in physiological parameters of athletes in our study. Undoubtedly there are likely to be many more genetic variants associated with responses to different modalities of resistance training that remain to be identified. Therefore, it is logical to conclude that the picture we see in the future may become clearer as more genetic markers are included in the panel.
CONCLUSIONS
In conclusion, our results suggest that using genetic profiling to better match individual genotype with appropriate training modality may be a powerful tool to aid more personalized, and precise, resistance training prescription in the future.
